INTRODUCTION
Metal contaminants, many of which are radio active and/or toxic, are concentrated in sub surface aquifers and represent a global scale threat to groundwater that is used for drink ing. In the United States alone the volume of radionuclidecontaminated subsurface materi als is larger than that of the Great Lakes com bined, and is spread over 120 sites in 36 states (NABIR, 2003; National Research Council, 1993) . During the Cold War era, the extrac tion and processing of metal radionuclides for weapons production resulted in extensive subsurface contamination. Cleanup projects for these sites are projected to cost billions of dollars and to last many decades. Within the nuclear weapons complex managed by the U.S. Department of Energy (DOE), hexava lent uranium [U(VI)] is the most common radionuclide contaminant found in sediments and groundwaters (Riley and Zachara, 1992) . Nitrate is often a cocontaminant with U(VI) because of the use of nitric acid in the process ing of uranium and uraniumbearing waste. Because of their widespread significance as groundwater contaminants in subsurface aquifers, much of the research on metal con taminants has centered on the remediation of U(VI) and nitrate.
Current remediation practices favor reduc tive immobilization of U(VI) catalyzed by microorganisms in close proximity to the con taminant source zone, coupled with natural at tenuation and monitoring elsewhere (Anderson et al., 2003; Istok et al., 2004; Wu et al., 2006b Wu et al., , 2006c Anderson, 2006) . Previous studies have indicated that no net U(VI) reduction occurs until nitrate and denitrification intermediates are removed. Once nitrate is depleted, U(VI) and Fe(III) are reduced concurrently (Finneran et al., 2002; Elias et al., 2003; Istok et al., 2004; Edwards et al., 2007) . Conversely, reduced U can subsequently be oxidized and remobilized via biotic or abiotic reactions with oxygen, ni trate, and denitrification intermediates such as nitrite and iron oxide minerals (Senko et al., 2002 (Senko et al., , 2005 Finneran et al., 2002; Beller, 2005 ). An alternative remediation strategy, employ ing precipitation of U(VI) phosphate miner als via the introduction of phosphate minerals, polyphosphates, or organophosphates to the subsurface, has the advantage that it does not require anoxic conditions Martinez et al., 2007; Wellman et al., 2008a; 2008b) . The biogeochemical cycles of C, N, P, Fe, and U are intimately linked in subsurface environments and strongly impacted by micro bial activity. Close consideration of these cycles and the microbial community is critical for the design and implementation of appropriate re mediation strategies, Remediation potential in the subsurface is largely dictated by the physiological require ments for the growth and metabolism of mi croorganisms, and these requirements are most likely manifested at the community level (Tiedje, 1993; Loeffler and Edwards, 2006; Lovley et al., 2008) . Through cultivationindependent char acterization of the microbial groups that cata lyze the relevant biogeochemical reactions, the "potential" physiological mechanisms control ling radionuclide fate and transport may be pre dicted and sitespecific remediation strategies may be developed. Major advances in DNA sequencing capability have begun to provide us with an unprecedented view of the community composition and genetic potential of the sub surface microbial world. However, the physiol ogy and metabolism of an organism cannot be extrapolated from its genome sequence alone. Furthermore, the smallsubunit ribosomal RNA (rRNA) gene, which has been used most often to describe microbial community composition in the subsurface, lacks resolution at the species level (Zengler, 2008) . In other words, different strains that are genotypically or phylogenetically defined as the same species can have very dif ferent phenotypes (Prakash et al., 2009 ). The metabolic "potential" gleaned from community sequencing must be coupled to the cultivation and physiological characterization of model mi croorganisms along with biogeochemical stud ies in order to effectively interrogate microbially mediated mechanisms of U transformation. The metabolism or function of subsurface microbial communities must be directly linked to their phylogenetic structure for the elucidation of biogeochemical mechanisms.
Despite recent advances, the preponder ance of microorganisms in nature remain un cultivated, and genetic databases are largely composed of sequences for which few or no cultivated representatives are available in cul ture collections (Schmidt et al., 2008; Janssen, 2008) . This is especially true for anaerobic or subsurface microorganisms of significance to the mobility and fate of metal radionuclides. In addition, studies of subsurface microor ganisms have been limited primarily to the domain Bacteria. Even though eukaryotic mi crobes (fungi) and mesophilic members of the Archaea have been shown to play a key role in the biogeochemical cycles of soils (Gadd, 2007; Schmidt et al., 2008; Hayatsu et al., 2008) , these domains remain relatively unex plored in the subsurface. New approaches have begun to change the paradigm of the "uncul tured majority" (Zengler, 2008) . Approaches include the development of highthroughput cultivation (Zengler et al., 2002) , combining cultivation with cultureindependent methods for quick identification of isolates, design and use of novel growth chambers, and application of singlecell separation procedures (Giovan noni et al., 2007; Zengler, 2008) . For exam ple, these new techniques have increased our ability to access novel microorganisms from the marine biosphere, resulting in the success ful cultivation of obligate oligotrophs that are outcompeted in nutrientrich media (Giovan noni et al., 2007) . However, to our knowl edge, similar innovative strategies have rarely been applied to the cultivation of anaerobes or to subsurface environments.
An extensive review of all microorganisms and processes that affect the fate and transport of U(VI) is beyond the scope of this chapter. We will focus on the microorganisms and elec tron transfer processes that are likely to impact the reductive immobilization of U(VI) in the contaminated terrestrial subsurface. We offer a perspective on how microbial eukaryotes may play a role in U(VI) biotransformation, and we end with a discussion of the nonreductive immobilization of U(VI) through microbially facilitated precipitation with phosphate.
industry, the production of nuclear weapons, the mining of uranium, the combustion of coal, and the application of phosphate fertilizer (Lloyd and Macaskie, 2000; Markich, 2002; Wilkins et al., 2006) . In the environment, ura nium exists as primarily 3 isotopes ( 238 U, 235 U, 234 U), all of which are radioactive and chemi cally toxic. Uranium chemistry in terrestrial subsurface environments, where most contam ination is concentrated, is highly complex and difficult to model (Fig. 1) . The most common valence states of uranium in the environment are U(IV) and U(VI). In oxic groundwaters and sediments, hexavalent uranium is pres ent mainly as the uranyl ion (UO 2 2+ ), which is highly soluble, stable, and mobile over a wide pH range (Murphy and Shock, 1999) . Uranyl tends to form stable complexes with common groundwater constituents, including carbonate, phosphate, and calcium. Although carbonate exerts a strong influence on U(VI) speciation at circumneutral pH, it plays a di minished role at lower pH when it becomes protonated (Beazley, 2009) .
The mobility of uranium in porous media is mainly controlled by complexation and redox reactions ( Fig. 1) (Suzuki and Suko, 2005) . Uranium speciation is highly sensitive to re dox chemistry. U(VI) can be microbiologi cally or abiotically immobilized from water by its reduction from UO 2 2+ to insoluble U(IV) oxides, such as uraninite (UO 2 ). The halfcell potential for this reaction is "intermediate," and at circumneutral pH, various chemical reductants [such as complexed iron, Fe(II), or hydrogen sulfide] or microorganisms will FIGURE 1 Schematic summarizing the predominant biogeochemical reactions and processes impacting U(VI) mobility in the contaminated subsurface. U(IV) in the solid phase is represented by uraninite (UO 2 ), but other mineral forms may be present. 7 . MICROORGANISMS LINKED TO URANIUM IMMOBILIZATION n 119 mediate U(VI) reduction to U(IV). Microbial U(VI) reduction may be catalyzed by both direct (enzymatic) and indirect (abiotic) mech anisms. The products of microbial Fe(III) and sulfate reduction, Fe(II) and hydrogen sulfide, can react abiotically to reduce U(VI) (Liger et al., 1999; Mohagheghi et al., 1985; Scott et al., 2005; Hua et al., 2006) . Although less infor mation is available on the abiotic mechanisms, the general consensus is that microbial U(VI) reduction proceeds at faster rates than abiotic reduction under most environmental condi tions (Suzuki and Suko, 2006; Wilkins et al., 2006) .
A large portion of uranium is associ ated with the solid phase of porous media. Uranium geochemistry is strongly linked through sorption/precipitation processes to the surface chemistry of minerals, including oxyhydroxides, phyllosilicates, phosphates, carbonates, and sulfides (Duff et al., 2002; Wang et al., 2005; Kelly et al., 2008; Luo et al., 2009; Singer et al., 2009 ). Iron minerals have been extensively shown to be efficient sorbents of U(VI), both in the laboratory and in subsurface sediments (Catalano and Brown, 2005) . Uranyl forms micropre cipitates and sorbs in fractures and cavities within sediment grains (Liu et al., 2004) . Sorption and precipitation of uranyl will largely impact its mobility (Ilton et al., 2008) and electron transfer reactions leading to its sequestration (Jeon et al., 2004; Liu et al., 2006; Kelly et al., 2008) .
One of the more promising strategies for the in situ remediation of uranium waste in volves the "biostimulation" of uranium im mobilization. Biostimulation is defined as the addition of nutrients (e.g., carbon, nitrogen, phosphorus sources) that serve to increase the number or activity of indigenous microorgan isms available for bioremediation activity. Bio stimulation, which often results in significant changes in subsurface redox conditions, can lead to the creation of a permeable treatment zone in contaminated aquifers that removes radionuclides from the aqueous phase before they enter sensitive water supplies. Field ex periments at DOE sites have indicated that biostimulation of U(VI) reduction by electron donor addition is a promising remediation strategy for uraniumcontaminated groundwa ters (Anderson et al., 2003; Istok et al., 2004; Wu et al., 2006b Wu et al., , 2006c Wu et al., , 2007 .
METABOLIC AND PHYLOGENETIC DIVERSITY OF CULTIVATED U(VI)-REDUCING TAXA
A metabolically and phylogenetically diverse group of 48 microbial taxa has been demon strated to reduce U(VI) in pure culture (Fig. 2) . U(VI)reducing taxa are spread throughout the domain Bacteria and a single representa tive of the Archaea was shown to reduce U(VI) (Kashefi and Lovley, 2000) . The vast major ity of known U(VI) reducers are within the phyla Proteobacteria and Firmicutes (Fig. 2) . The U(VI)reducing Proteobacteria primarily com prise Geobacteraceae members and mesophilic sulfate reducers within the Deltaproteobacteria, while the remainder are primarily members of the Gammaproteobacteria within the families Pseudomonadaceae and Shewanellaceae.
Unifying biochemical features of U(VI) re duction mechanisms and their relationship to energygenerating metabolism remain largely a mystery among cultivated U(VI) reducers. In addition, rigorous physiological testing across physicochemical conditions relevant to U(VI) contaminated systems has generally not been performed. However, some shared phenotypes are recognized. All taxa are heterotrophic and grow anaerobically at a redox potential suffi ciently low to support U(VI) reduction. The majority of uraniumreducing taxa fit into three categories according to their primary metabolism: (i) dissimilatory Fe(III)reducing bacteria (FeRB), (ii) dissimilatory sulfate reducing bacteria (SRB), and (iii) fermentative bacteria (Nealson et al., 2002; Lovley et al., 2004; Sani et al., 2004; DiChristina et al., 2005; Wu et al., 2006b) . A substantial minority of U(VI) reducers are thermophilic, with the majority mesophilic.
To our knowledge, only seven of these spe cies have been shown to conserve energy for 7 . MICROORGANISMS LINKED TO URANIUM IMMOBILIZATION n 121 ECOLOGY OF U(VI)-REDUCING TAXA IN THE TERRESTRIAL SUBSURFACE A functional genetic marker for uranium re duction has not yet been established. Thus, our view of microbial U(VI) reduction in the environment is still limited by processes that we can verify in laboratory pure cultures, and the ecology of U(VI) reducers (including dis tribution, abundance, and in situ metabolism) remains largely unknown. We have com piled a list of microbial taxa detected in native and treated uraniumcontaminated sediment and groundwater samples using cultivation independent surveys of rRNA genes (Table 1) . Not surprisingly, many of the dominant taxa detected in the subsurface overlap with the taxa that have been shown to reduce U(VI) in culture. This is because the sequences of known U(VI)reducing organisms are selected for and annotated in genetic databases. Known lineages of denitrifying, sulfatereducing, and ironreducing bacteria within the Proteobacteria are most commonly detected, reflecting the key terminal electronaccepting processes in contaminated subsurface environments. Del taproteobacteria are most frequently associated with U(VI)reducing environments, and con tain the major Fe(III)reducing lineage Geo bacteraceae and abundant SRB lineages such as the Desulfovibrionaceae (Anderson et al., 2003; North et al., 2004; Vrionis et al., 2005; Akob et al., 2008) .
In soils and sediments of the terrestrial sub surface where most U(VI) accumulates, envi ronmental conditions are often characterized by a lack of light, large fluctuations in redox conditions, and the low or intermittent avail ability of water, organic carbon, and nutrients. In short, many of these systems can be consid ered as "extreme" habitats for microbial growth and survival (Griebler and Lueders, 2009 ). In U(VI)contaminated ecosystems, these ex treme conditions are often exacerbated by high levels of acidity and high concentrations of toxic metals or organic compounds (Riley and Zachara, 1992; Brooks, 2001; Moon et al., 2005) . The DOE is tasked with managing sites growth with U(VI) as the sole electron accep tor (Anaeromyxobacter dehalogenans, Geobacter lovleyi, G. metallireducens, G. sulfurreducens, She wanella oneidensis, Thermoterrabacterium ferriredu cens, Desulfotomaculum reducens) (Fig. 2) . All of these organisms are FeRB, and a single strain is also capable of sulfate respiration (D. reducens; Tebo and Obraztsova, 1998) . Wall and Krum holz (2006) hypothesized that growth coupled to U(VI) reduction may be restricted to bacteria able to use insoluble minerals as terminal elec tron acceptors. All studies to date support this hypothesis (Wall and Krumholz, 2006; San ford et al., 2007) . However, few strains have been rigorously tested using more sensitive molecular methods for growth detection, and future studies may reveal a broader diversity of microbes capable of growth with U(VI) as the electron acceptor. As it stands now, the meta bolic capabilities of microbial groups capable of U(VI) reduction cannot be distinguished from those capable of the reduction of Fe(III) minerals. All of the microorganisms capable of U(VI) reduction fit into two categories similar to Fe(III) reducers: (i) FeRB that grow with Fe(III) as the sole electron acceptor and (ii) SRB or fermenters that can shunt electrons to Fe(III) but cannot support growth from metal respiration. The large overlap between organ isms capable of U(VI) and Fe(III) reduction is not surprising considering the substantial gaps in our knowledge of the physiology and bio chemistry of electron transfer to oxidized met als (DiChristina et al., 2005; Fredrickson and Zachara, 2008) . The complex speciation of U(VI) in groundwater results in varied redox potentials (e.g., Brooks et al., 2003) , and thus far, no single "silver bullet" terminal reduc tase has been identified in microorganisms that respire U(VI). Most likely, the physiological mechanisms of metal reduction are as complex as metal redox chemistry, and include a diverse array of protein networks, organic ligands, and electron shuttles. Considering that Fe(III) minerals intimately impact the fate and trans port of U(VI) through sorption and coprecipi tation reactions, all FeRB are linked to U(VI) immobilization in one way or another.
in the United States impacted by nuclear leg acy waste. Much of the information available on microbial communities that impact the fate and transport of U(VI) has been collected un der the auspices of the DOE's Subsurface Bio geochemical Research Program (http://esd. lbl.gov/research/projects/ersp/). Two sites, at Rifle, Colorado, and Oak Ridge, Tennessee, have been targeted, in particular. This section will focus on the state of the field with regard to the ecology of microbial communities that impact electron flow and may catalyze U(VI) reduction in the subsurface of these sites.
The chemistry of water and sediments in the subsurface is driven by microbial metabo lism that is in turn controlled by the availabil ity of electron donors and acceptors (Chapelle, 2000) . Even though DOE sites can be highly contaminated with U(VI), it is important to consider that U is most often present in trace amounts relative to other redoxactive con stituents. Thus, the fate of U(VI) will primar ily depend on the microbial transformation of other electron acceptors and donors. Reduc tionoxidation activity in subsurface environ ments contaminated with metal radionuclides is most often limited by carbon or electron do nor availability . However, autochthonous carbon sources are present, and contrary to popular belief, unamended groundwaters are often suboxic to anoxic (http://www.esd.ornl.gov/orifrc/). Further more, current remediation practices at DOE sites favor biostimulation by electron donor amendment. Thus, electron transfer processes should be considered in the context of a sub surface that is flooded with electron donor. Metal reduction in the environment is often thought to be primarily catalyzed by respira tory organisms that gain an advantage by cou pling metal respiration to growth Canfield et al., 2005) . However, when electron donor is not limiting, do respi ratory organisms really outcompete those that shunt electrons to metals under fermentative conditions? In addition, microbial community composition, and therefore the mechanisms of U(VI) reduction, will be determined by the choice of electron donors amended to the subsurface during bioremediation (e.g., Akob et al., 2008; Madden et al., 2007) . To appro priately design U(VI) bioremediation strate gies, the potential function and phylogenetic structure of microbial populations that mediate electron flow must be understood under site specific conditions.
As stated above, FeRB and SRB comprise the two beststudied groups of metalreducing organisms that are capable of U(VI) reduction (Nealson et al., 2002; Lovley et al., 2004; Sani et al., 2004; DiChristina et al., 2005; Wall and Krumholz, 2006) . Under in situ conditions in the terrestrial subsurface, FeRB are likely to outcompete SRB because Fe(III) is usually a much more abundant electron acceptor than sulfate in subsurface sediments. We note, how ever, that sulfate levels in the U(VI)contami nated subsurface are variable and occasionally FIGURE 2 Phylogenetic tree of U(VI)reducing microorganisms. Bootstrapped neighborjoining trees were generated using partial and fulllength 16S rRNA gene sequences obtained from the National Center for Bio technology Information and from the DOE's Joint Genome Institute. Sequences were aligned using the software package Greengenes (DeSantis et al., 2006) and analyzed within the phylogenetic software package MEGA (Ku mar et al., 2008) . Bootstrap values greater than 50% are indicated at each node, and polytomies indicate branching points that were not consistently supported by bootstrap analyses. Organisms for which genome sequences are available are highlighted in grey, with all the 16S rRNA genes present in the genome compressed into a single cluster. The number of 16S rRNA genes present in the genome is indicated in brackets adjacent to the accession number. Relevant references are indicated for each organism. Species shown to conserve energy using U(VI) as a sole electron acceptor are indicated with a black box. The scale bar represents 0.05 substitutions per nucleotide position. Missing from the tree are the short gene sequences from the genome of Cellulomonas flavigena ATCC 482 (NZ_ABTJ00000000), as well as several organisms for which no sequences were available, including Pseudomonas denitrificans ATCC 13867, Pseudomonas sp. CRB5, and Veillonella alcalescens (formerly Micrococcus lactilyticus).
high, and allow the substantial development of SRB under some conditions (Anderson et al., 2003; Wu et al., 2007) . As a soluble electron acceptor, sulfate may also be favored relative to iron oxide minerals in the subsurface. Fur thermore, geochemical evidence from subsur face aquifers indicates that Fe(III) and sulfate reduction zones may overlap (Jakobsen and Postma, 1999; Vrionis et al., 2005; Wu et al., 2007) , and physiological studies corroborate the geochemistry to suggest that these pro cesses may be catalyzed by overlapping popula tions. Many SRB can reduce Fe(III) , and a subset of these may conserve energy for growth from Fe(III) respiration (Tebo and Obraztsova, 1998; Holmes et al., 2004) . Thus, both SRB and FeRB are thought to have a high bioremediation potential in U(VI)contaminated subsurface environments. Viable counts from U(VI)contaminated sub surface sediments and groundwater support this hypothesis. Although FeRB are far more abundant than SRB under unamended or in situ conditions (Petrie et al., 2003) , both SRB and FeRB are abundant in subsurface materi als that have undergone U(VI) bioremediation by biostimulation (Wu et al., 2006b (Wu et al., , 2006c Cardenas et al., 2008) .
One of the earliest field demonstrations of the reductive immobilization of U(VI) via biostimulation was conducted at the DOE's Uranium Mill Tailings Remedial Action site, a former uraniumprocessing facility near Rifle, Colorado. The subsurface treatment zone of the Rifle site is characterized by alluvial permeable sandy sediments, neutral pH, moderate sulfate concentrations, low nitrate concentrations, and Clone sequences were retrieved from GenBank by search ing for the keyword "uranium" and combined with unpublished clone library sequences from sediment and groundwater at the Oak Ridge Integrated Field Research Challenge (ORIFRC) site. These sequences were aligned within the Ribosomal Data base Project (RDP) Pyrosequencing pipeline (Cole et al., 2007) , operational taxonomic units (OTU) were identified using the Complete Linkage Clustering method with 97% similarity used as a threshold, and putative taxonomic identification was per formed using the RDP Classifier. The abundance of sequences within select families of these phyla is also shown. The number of estimated OTU within each taxon is overestimated because of the different lengths and regions of the smallsubunit rRNA gene sequence used for these analyses. a relatively predictable flow pathway. Acetate was injected as an electron donor into a gallery of wells placed perpendicular to groundwa ter flow. During multiple field manipulation experiments, groundwater geochemistry and microbiology were monitored over a 3 to 4 month period postinjection (Anderson et al., 2003; Vrionis et al., 2005; N'Guessan et al., 2008) . Uranium(VI) concentrations decreased to below the prescribed treatment level of 0.18 µM, close to the U.S. Environmental Protec tion Agency maximum contaminant level for drinking water of 0.126 µM in many of the monitoring wells (Anderson et al., 2003) . Ura nium reduction was concurrent with Fe(III) reduction. After the initial metal reduction phase, sulfate reduction was detected and sub sequently groundwater U(VI) concentrations increased. The authors hypothesized that this was due to weak U(VI)reduction activity by acetateoxidizing, sulfatereducing micro organisms.
The microbial groups linked to electron flow during bioremediation at the Rifle site were investigated by comparison of rRNA gene sequence libraries generated from ground water and sediment samples collected over space and time. Microbial communities in the background or control wells were dominated by Alphaproteobacteria and Betaproteobacteria, and the predominant taxa did not change substan tially during the treatment period. In contrast, a large enrichment of bacteria from the family Geobacteraceae (Deltaproteobacteria) was observed in the treated wells during the metal reduction phase, and sequences of SRB were abundant in treatment wells near the point of injection during the sulfate reduction phase. As ex pected, acetateutilizing FeRB (Geobacter) and SRB (Desulfobacter) were detected in abun dance during field manipulation. However, grampositive sulfatereducing genera (e.g., Desulfotomaculum and Desulfosporosinus), which have not been demonstrated to utilize acetate, were also detected (Anderson et al., 2003; Chang et al., 2005) . It was concluded that U(VI) reduction was primarily catalyzed by members of the Geobacteraceae. However, evi dence for the involvement of SRB in U(VI) immobilization remains equivocal (Anderson et al., 2003; Chang et al., 2005) .
Detailed investigations of U(VI) biore mediation have also been conducted at the DOE's Oak Ridge Integrated Field Research Challenge (ORIFRC) site, Oak Ridge, Ten nessee. This site was formerly referred to as the Oak Ridge Field Research Center. In contrast to the Rifle site, the ORIFRC subsurface is highly contaminated and largely acidic; it contains a plethora of contaminants including radionuclides [U(VI) and technetium], toxic metals, chelating agents, chlorinated hydrocar bons, polychlorinated biphenyls, and fuel hy drocarbons (http://www.esd.ornl.gov/orifrc/; Brooks, 2001; Moon et al., 2005) . The sub surface treatment zone of the ORIFRC is characterized by clayrich impermeable sedi ments, highly variable pH, high nitrate and sulfate concentrations, and a less predictable flow pathway along fracture zones (Moon et al., 2005) . Current in situ U(VI) bioremedia tion and natural attenuation/monitoring ex periments center on two sampling areas along the S3 contaminant plume. Area 3 is close to the source zone and contains the highest con taminant levels (average groundwater chemis try: 50 to 500 µM U, 100 to 1,000 mM nitrate, 10 to 50 mM sulfate, pH 3 to 5), while area 2 contains more moderate levels of contami nation (average groundwater chemistry: 5 to 10 µM U, 10 to 100 mM nitrate, 0 to 2 mM sulfate, pH 5 to 7). U(VI) and nitrate are ma jor groundwater contaminants at DOE sites and therefore these contaminants drive reme diation efforts at the ORIFRC. Furthermore, the combination of heterogeneous mineralogy, a low pH, and mixed metal contamination in a subsurface environment is representative of legacy nuclear waste sites worldwide.
ORIFRC field manipulations have cen tered on the use of ethanol or glucose as an elec tron donor to stimulate bioreduction of U(VI), and pH neutralization was used in the highly acidic contaminant source zone. During mul tiple field manipulation experiments, ground water and sediment geochemistry revealed 126 n KOSTKA AND GREEN the stoichiometric reduction of nitrate, Fe(III), and sulfate that more or less follows with ther modynamic predictions in the presence of excess electron donor. Uranium(VI) concen trations decreased in a matter of weeks to be low the maximum contaminant level (0.130 µM) in many of the monitoring wells during multiple biostimulation experiments Wu et al., 2007) . In corroboration with microcosm tests conducted with subsur face sediments under controlled conditions in the laboratory (Finneran et al., 2002; Edwards et al., 2007; Akob et al., 2008) , U(VI) reduc tion did not proceed until nitrate was depleted Wu et al., 2006b Wu et al., , 2006c Wu et al., , 2007 . Remobilization/reoxidation of U was observed concurrently with denitrification and the accumulation of denitrification inter mediates. Unlike the observations at the Rifle site, U(VI) reduction was associated with both Fe(III) and sulfate reduction phases of field manipulations at the ORIFRC Wu et al., 2006 Wu et al., , 2007 .
Extensive microbial community character ization has revealed a diverse assemblage of microbes encompassing all phyla within the domain Bacteria in the subsurface of the OR IFRC (Petrie et al., 2003; Yan et al., 2003; North et al., 2004; Fields et al., 2005; Wan et al., 2005; Akob et al., 2007 Akob et al., , 2008 Cardenas et al., 2008; Hwang et al., 2009 ). The me tabolism of these communities is limited by labile carbon availability, acidic pH, and co contaminants such as nitrate and toxic met als (Al, Ni) (Petrie et al., 2003; Istok et al., 2004; Edwards et al., 2007) . Under native, unamended conditions, microbial communi ties were composed of Betaproteobacteria, Al phaproteobacteria, Firmicutes, Actinobacteria, and Bacteroidetes, with the Proteobacteria predomi nating. In general, biostimulation resulted in a substantial increase in both the abundance and diversity of microorganisms in subsurface sedi ments and groundwaters from the highly con taminated areas of the ORIFRC North et al., 2004; Peacock et al., 2004; Wu et al., 2006b; Cardenas et al., 2008; Hwang et al., 2009) . However, other studies observed a decrease in diversity upon biostimulation near the source zone of contamination (Chang et al., 2005; Spain et al., 2007) . It is likely that we have not completely covered the subsur face microbial community with conventional cloning and sequencing of 16S rRNA genes. Because of the range of environmental con ditions at DOE sites and the potential for dramatic shifts during remediation, deep se quencing methods should be applied to fully characterize native microbial communities and account for rare community members.
In agreement with studies at the Rifle site, members of the Deltaproteobacteria were most often detected in conjunction with U(VI) re duction activity at the ORIFRC. North et al. (2004) observed that members of the Deltapro teobacteria increased from 5% to almost 40% in 16S rRNA gene sequence libraries following biostimulation of U(VI) reduction. Quantita tive PCR results further confirmed an increase in abundance of Geobacteraceae and Desulfovi brionaceae groups in parallel with U(VI) reduc tion upon biostimulation (North et al., 2004; Hwang et al., 2009 ). In particular, an extensive data set has been compiled to indicate that bac teria of the genus Geobacter are diverse, abun dant, and metabolically active in ORIFRC materials during biostimulation (North et al., 2004; Chang et al., 2005; Akob et al., 2008) . However, although the members of the Geo bacteraceae often make an important contribu tion, mounting evidence indicates that a much broader diversity of taxa participate in or even predominate over subsurface metal reduction at the ORIFRC. Ample evidence indicates that bacteria from the genus Desulfovibrio and grampositive sporeforming bacteria such as those from the genera Desulfosporosinus or De sulfotomaculum may mediate U(VI) reduction in the subsurface (Chang et al., 2001; Wu et al., 2007; Cardenas et al., 2008) . Members of the genus Anaeromyxobacter (Deltaproteobacteria), for which U(VI) reduction supports growth (San ford et al., 2007) , have also been commonly detected in abundance in parallel with U(VI) reducing activity (Petrie et al., 2003; North et al., 2004; Cardenas et al., 2008; Thomas et al., 2009 ). In fact, sequences of the FeRB genera Ferribacterium (Betaproteobacteria) and Geothrix (Acidobacteria) were among the most abundant sequence types retrieved in recent field U(VI) bioremediation experiments Cardenas et al., 2008; Hwang et al., 2009 ). However, to our knowledge, these FeRB have not yet been tested for their ability to reduce U(VI).
The choice of electron donor is likely to have a large effect on the biostimulation of U(VI) immobilization by impacting the struc turefunction relationships of U(VI)reducing microorganisms. Glucose, acetate, and ethanol have been utilized most often in field biore mediation tests. Acetate is a nonfermentable substrate that stimulates a hierarchy of terminal electronaccepting pathways in the order in which microorganisms glean free energy from each available electron acceptor (O 2 ). In contrast, ethanol has the potential to stimulate a larger diversity of metabolisms including respiration coupled to complete ethanol oxidation, syntrophic fer mentation, incomplete ethanol oxidation to acetate (e.g., some SRB), and subsequent res piration coupled to acetate or H 2 oxidation. Both acetate and ethanol stimulated the fairly rapid reduction of U(VI) at neutral pH in field tests as described above. However, acetate is present as an undissociated acid at acidic pH values frequently found at radionuclide contaminated sites, and can inhibit microbial metabolism by passing through the cell mem brane and uncoupling proton motive force (Bar onofsky et al., 1984) . Under acidic conditions, ethanol would be a more appropriate choice for biostimulation. However, when the biore mediation strategy employs pH neutralization in parallel with electron donor amendment, the inhibition of microbial metabolism by acetate may not be an issue.
Differences in the microbial populations stimulated by the two electron donors may directly impact U(VI) biotransformation. Af ter extended acetate treatment at the Rifle site, the growth of acetateutilizing SRB was stimulated near the injection point. U(VI) concentrations rebounded to initial levels in the groundwater, and it was hypothesized that the complete consumption of acetate under sulfatereducing conditions prevented further U(VI) reduction downgradient from the in jection gallery (Anderson et al., 2003) . The predominant SRB detected near the injection gallery were members of the family Desulfo bacteraceae, which have so far not been dem onstrated to reduce U(VI) in pure culture. In contrast, SRB of the Desulfovibrionaceae and the grampositive Peptococcaceae were shown to reduce U(VI) in culture ( Fig. 1) (Lovley and Phillips, 1992; Lovley et al., 1993) . Whereas the Desulfobacteraceae are known for acetate uti lization and the complete oxidation of carbon substrates, bacteria from the genus Desulfovi brio and grampositive SRB are known for in complete carbon oxidation and the utilization of hydrogen or ethanol as an electron donor (Muyzer and Stams, 2008) . Thus, it follows that sulfate reduction was closely linked to reductive U(VI) immobilization at the OR IFRC when ethanol was used as the electron donor, whereas the linkage was not as strong when acetate was used at Rifle. Iron(III) re duction and sulfate reduction occurred si multaneously and SRB were more abundant than FeRB during ethanol treatment, suggest ing that SRB play a more important role in U(VI) immobilization . In agreement with this conclusion, bacteria from the genera Desulfovibrio, Desulfosporosinus, and Desulfotomaculum, all capable of ethanol uti lization, were the predominant SRB species detected in ORIFRC field experiments Cardenas et al., 2008; Hwang et al., 2009) . In environments cocontaminated with sulfate and nitrate, stimulation of Desul fovibrio may have a high bioremediation po tential because the presence of sulfate represses nitrate reduction in this organism (Marietou et al., 2009 ).
Fermentative metal reduction should be con sidered further in U(VI) bioremediation strat egies, especially when a fermentable substrate such as ethanol or glucose is used as electron do nor for biostimulation. During biostimulation, 128 n KOSTKA AND GREEN carbon substrates will not be limiting and metal reduction may be catalyzed in parallel by re spiratory and fermentative pathways (Edwards et al., 2007; Akob et al., 2008) . Grampositive fermentative organisms (including Clostridia and Cellulomonas) effectively reduce U(VI) in pure culture (Sani et al. 2002; Gao and Fran cis, 2008) and are present in the subsurface of DOE sites (North et al., 2004; N'Guessan et al., 2008; Hwang et al., 2009 ). The abundance of sequences of known fermentative metalre ducing bacteria (Serratia, Clostridium) doubled in response to biostimulation at the ORIFRC (North et al., 2004) . During field manipula tions at both the Rifle and ORIFRC sites, fermentative members of the Firmicutes (Clos tridium, Mollicutes) were abundant and linked to sustained U(VI) immobilization under condi tions of electron donor limitation (N'Guessan et al., 2008; Hwang et al., 2009 ). Field obser vations were supported by laboratory studies; in metalreducing enrichment cultures and mi crocosms from U(VI)contaminated subsurface sediments, fermentative organisms (Paenibacil lus, Brevibacillus, Anaerovibrio, Tolumonas, Clos tridium) were frequently detected (Petrie et al., 2003; Akob et al., 2008) .
THE SUBSURFACE GEOBACTER CLADE
Of the described U(VI) reducers, the genus Geobacter stands out as the group most often detected in the U(VI)contaminated subsurface (Table 1) , and a recent study by Holmes et al. (2007) observed that the majority of sequences retrieved clustered in a phylogenetically coherent subsurface clade (G. bemidjiensis, G. chapellei, G. daltonii, and G. uraniireducens) . In contrast, physiological stud ies in pure culture have focused on Geobacter species (G. metallireducens, G. sulfurreducens) for which the complete genome sequence and a genetic manipulation system have been avail able for a number of years. Much less physi ological information is available from strains isolated from the subsurface, despite the fact that they are most often the predominant Geo bacter species detected there.
A systems biology approach is being ap plied with the ultimate goal of developing in silico models that can predict the growth and metabolism of Geobacter species under a range of environmental conditions relevant to U(VI)contaminated subsurface environments . Genome sequences of a larger number of Geobacter species are now available, and genomebased models of several Geobacter species are able to predict physiolog ical responses to environmental conditions. Furthermore, recent work shows that the subsurface Geobacter clade exhibits a remark able genotypic and phenotypic plasticity and the 16S rRNA marker is not diagnostic for this plasticity. G. uraniireducens and G. dalto nii were isolated from U(VI)contaminated subsurface environments at the Rifle and ORIFRC sites, respectively (Shelobolina et al., 2007; Prakash et al., 2010) . Although these two Geobacter strains share 98.1% 16S rRNA gene sequence identity, their full ge nome sequences are highly divergent. In fact, few genes other than the rRNA genes show greater than 90% nucleotide identity, and the genomes differ in size by 0.8 Mb (Prakash et al., 2010) . Limited physiological screening has begun to reveal substantial differences in electron acceptor and donor utilization within the subsurface clade of Geobacter. For example, G. daltonii and G. toluenoxydans conserve en ergy for growth with aromatic contaminants as the electron donor, while G. uraniireducens does not (Prakash et al., 2010; Kunapuli et al., 2009 ). This may be explained by the fact that both G. daltonii and G. toluenoxydans were isolated from subsurface sediments contami nated with aromatic hydrocarbons, whereas G. uraniireducens was isolated from ground water that was not substantially impacted by organic contaminants. A number of additional features may provide a competitive advan tage to Geobacter in the subsurface including the ability to utilize acetate, chemotaxis, and nitrogen fixation (Childers et al., 2002; Hol mes et al., 2004) . Perhaps most importantly, it was recently revealed that Geobacter maintains a maximal growth yield and the flexibility to 7 . MICROORGANISMS LINKED TO URANIUM IMMOBILIZATION n 129 switch electron acceptors at very low growth rates (Lin et al., 2009) .
A POTENTIAL ROLE FOR MICROBIAL EUKARYOTES, THE FUNGI, IN THE U(VI)-CONTAMINATED SUBSURFACE?
Fungi are ubiquitous in soils and sediments where they often comprise a large portion of microbial biomass (Schmidt et al., 2008) . These eukaryotic microorganisms mediate im portant reactions in the biogeochemical cycles of carbon, nutrients, and metals (Gadd, 2007) . Even though the occurrence of fungi has been described for a few pristine and contaminated aquifers, to our knowledge, the identities and activities of these organisms remain virtually uncharacterized in subsurface environments (Bärlocher et al., 2006; Brad et al., 2008) . Moreover, fungi contain many traits that may favor their persistence in the extreme condi tions found in the U(VI)contaminated sub surface including facultative anaerobic growth, resistance to acidic pH, resistance to toxic met als, and spore formation, and in some cases, radiationenhanced growth (Dadachova et al., 2007; Hayatsu et al., 2008) .
In surficial soils, biogeochemical evidence indicates that fungi can dominate the edaphic production of N 2 O and N 2 from denitrifica tion (Laughlin and Stevens, 2002) . Yeasts as well as filamentous fungi are capable of de nitrification. Many fungi use nitrate as an al ternative electron acceptor and can denitrify under aerobic or microaerophilic conditions (Hayatsu et al., 2008) . To date, the majority of examined fungi lack a N 2 O reductase en zyme, and thus N 2 O is the major denitrifica tion product (e.g., Shoun et al., 1992) .
Toxic metal species, including radionuclides, may be bound, accumulated, and precipitated by fungi (Gadd, 2007) . Recent reports indicate that fungi have the ability to accumulate U in their biomass and even to transform soluble U into uranyl phosphate minerals (Fomina et al., 2008) . However, the experiments were con ducted under aerobic conditions only and the mechanisms of U precipitation or U specia tion were not fully explored. Fungi are known to be metal resistant and occur in abundance in acidic, metalrich environments, and thus could play an important role in U(VI) trans formation in the subsurface of DOE sites. Fu ture research should investigate the potential role of fungi in influencing U(VI) mobility di rectly through bioimmobilization or indirectly through the depletion of nitrate via denitrifi cation in the subsurface.
ALTERNATIVE IMMOBILIZATION STRATEGIES: BIOMINERALIZATION OF U(VI) WITH ORGANOPHOSPHATE
As discussed above, field experiments at DOE sites have definitively demonstrated that, un der specific geochemical conditions, U(VI) can be effectively removed from the ground water aqueous phase and retained as a min eral phase (e.g., uraninite) in the subsurface. Although this process can be effective, there are a number of challenges that may limit its widespread application. These include the (i) inhibition of U(VI) reduction in the presence of nitrate, (ii) instability of the produced U(IV) mineral phase and the potential reoxidation of U(IV) under aerobic and denitrifying condi tions, (iii) requirement for continual amend ment of labile exogenous carbon to maintain reducing conditions, (iv) elaborate engineer ing requirements for bioreduction to proceed in highly contaminated subsurface environ ments, and (v) low biomass of activity of the "native" microbial communities in the low pH, highly contaminated areas that are preva lent at DOE sites Wu et al., 2006b Wu et al., , 2006c Wu et al., , 2007 . For example, in the highly engineered area of the ORIFRC sub surface, pH has been elevated, nitrate intrusion limited, and high levels of aluminum removed. Such a highly engineered approach may not be feasible on a sitewide scale, as the extent of the plume ranges over 7 km, and in some cases to depths greater than 100 m (http://www.esd. ornl.gov/orifrc/), not to mention the hetero geneity of subsurface conditions found at the site. Furthermore, a bioremediation strategy dependent upon biostimulation of reductive 130 n KOSTKA AND GREEN U(VI) immobilization by microorganisms is limited by the minor contribution of U(VI) to the total electron flow in the subsurface, and by the varied redox potential of U(VI) when complexed with common groundwater con stituents. These factors make microbial U(VI) reduction dependent on sitespecific geo chemical conditions driving other metabolic processes, and make it difficult to differentially enrich U(VI) microorganisms. These chal lenges are the focus of current research, and they may be addressed provided that subsur face reducing conditions can be maintained long term. One area of active research advo cates the use of slowrelease substrate (SRS) to maintain reducing conditions in the subsurface (Borden, 2007) . SRS is an emulsified vegetable oil mixture composed mainly of longchain, unsaturated fatty acids that are hypothesized to be slowly degraded by a syntrophic consortium composed of fermentative and respiratory mi croorganisms. Even though the application of SRS appears to be effective in reducing levels of soluble U(VI), the subsurface will require periodic treatment to maintain reducing con ditions, albeit much less frequently than when labile organic compounds such as ethanol are used as reductants.
What other options for effective removal of U(VI) from groundwater might be employed? According to past bioremediation research, treatment strategies should include the follow ing characteristics: (i) they are redox insensitive because oxygen levels can fluctuate spatially and temporally, (ii) they produce a stable ura nium mineral phase that cannot be readily re mobilized, and (iii) they allow injection into the subsurface to reach contaminant zones throughout the site (i.e., a soluble delivery system). Along these lines, another active line of research has focused on U(VI) precipitation with phosphate. Phosphateuranium minerals, such as autunite [Ca(UO 2 ) 2 (PO 4 ) 2 ], tend to have extremely positive thermodynamic sta bility constants, producing mineral phases that are stable under common groundwater condi tions (e.g., Sowder et al., 2001; Raicevic et al., 2006; Wellman et al., 2007; Beazley, 2009 ).
However, free orthophosphate is generally absent from such environmental systems (e.g., Martinez et al., 2007) , and must be introduced to the subsurface. Previous attempts to utilize phosphate remediation strategies have included the use of solidphase phosphate in the form of hydroxyapatite (Fuller et al., 2002; Wellman et al., 2008a Wellman et al., , 2008b . As described by Wellman et al. (2008a) , such solidphase applications are unsuitable for highly dispersed contaminant plumes, both at the ORIFRC and other ura niumcontaminated DOE sites. Furthermore, direct injections of soluble orthophosphate to the subsurface are inappropriate for technical reasons; namely, orthophosphate can rapidly precipitate in the presence of dissolved cations, resulting in the blockage of wells and pores within the subsurface and decreased hydraulic conductivity (Wellman et al., 2008a (Wellman et al., , 2008b Shelobolina et al., 2009) .
Soluble organophosphates have received attention as potential phosphate delivery vec tors for the subsurface precipitation and stabi lization of uranium (e.g., Seaman et al., 2003; Beazley et al., 2007; Martinez et al., 2007) . The application of organophosphates to the subsur face may meet many of our requirements for a viable remedial technology. The advantages of this approach are due to the nonreductive pre cipitation of the uranyl [U(VI)] ion as a stable uranylphosphatemineral phase, a precipita tion process that is chemically, not biologically, catalyzed (although the release of phosphate is microbially mediated), and a semilabile soluble compound that can be dispersed via injection to the groundwater. Evidence derived from pureculture work and sediment columns or microcosm studies has revealed the presence of nonspecific phosphatase enzyme activity in microorganisms and microbial communi ties derived from the contaminated subsurface Martinez et al., 2007) . These enzymes appear to be expressed constitutively in microbes isolated from the subsurface, perhaps for the purpose of metal detoxification, and catalyze the release of or thophosphate from organophosphates such as glycerol2phosphate (G2P) (Beazley, 2009 ).
In addition, the activity of these enzymes is found under aerobic and anaerobic (nitrate reducing) conditions, and is favorable under a range of pH conditions (5.5 to 7; Beazley, 2009 ). The addition of organophosphates to the subsurface introduces a combined carbon and phosphate source that stimulates microbial activity and biologically assisted uranium pre cipitation. Since many organisms appear capa ble of phosphatase production, particularly in metalrich, phosphatepoor subsurface condi tions, this process appears to be less sensitive to the microbial community structure in the subsurface than bioreduction of uranium and is not inhibited by the presence of nitrate.
Despite these advantages, the addition of organophosphates as a route to remediation of uraniumcontaminated sites is problematic be cause of (i) protonation of orthophosphate at very low pH conditions present at some DOE sites, and (ii) the range of stability constants for various uraniumphosphate minerals formed under different groundwater conditions; the concentration of calcium is especially relevant (Shelobolina et al., 2009 ). The application of organophosphates for remediation may be best utilized in combination with multiple reme diation strategies, or in areas where somewhat elevated pH conditions are found. Finally, the application of organophosphates such as G2P is unlikely to be feasible for sitewide remedia tion because of expense and the high C:P ratio in such molecules, and should be considered primarily as a model compound.
Inositol phosphates (IP) are a common group of organic compounds that are synthesized by plants and found frequently in the terrestrial environment (Turner et al., 2002) . These com pounds are found in a number of isomers, and the form myoinositol hexakisphosphate is re ferred to as phytate (Turner et al., 2002) . As a result of their strong anionic charge, they are capable of complexing polyvalent cations, and as they decompose, the release of orthophos phate can further result in uranium precipita tion (Nash et al., 1998; Turner et al., 2002) . Furthermore, phytate is more recalcitrant to degradation than other organophosphate molecules such as G2P, and is likely to migrate further in the subsurface (Turner et al., 2002) . For inositol phosphates with six phosphate groups (IP6), two classes of enzymes catalyze desphosphorylation, including a microbial phytase and a plantderived phytase (Turner et al., 2002) . The rate of phosphatase activity appears to decrease with phosphate removal, and ultimately IP1 compounds are dephos phorylated with nonspecific phosphatase en zymes (e.g., Shan et al., 1993) . Of particular relevance to the ORIFRC, phytase enzymes appear to have low pH optima with low or no activity at circumneutral pH (Ullah and Gib son, 1987; McKelvie et al., 1995) . However, under low pH conditions, the suppression of overall microbial activity may limit phytase ac tivity (Ullah and Gibson, 1987) , which does not appear to be constitutively expressed as with nonspecific phosphatases. Furthermore, some reports indicate that phytate amend ments can, under some conditions, increase the solubility of contaminant metals (Seaman et al., 2003) .
SUMMARY
Understanding uranium mobility in the sedi mentary environment is not only essential for the protection of shallow subsurface aquifers, but also for predicting the fate of radionuclides from nuclear waste disposal in geological for mations. Field studies indicate that microbi ally mediated, reductive immobilization is a promising strategy for the remediation of U(VI) contamination in subsurface environments. Al though not yet tested in the field, the biomin eralization of U(VI) upon amendment of the subsurface with organophosphate also shows promise as a U(VI) remediation strategy. Re spiratory and fermentative members of the Pro teobacteria and the Firmicutes, respectively, were shown to effectively catalyze U(VI) reduction in the laboratory and are predominant organ isms in U(VI)reducing environments. Mem bers of the Deltaproteobacteria and the Geobacter group, in particular, have been strongly linked to the reductive immobilization of U, and the subsurface Geobacter clade shows a remarkable genotypic and phenotypic plasticity. However, the microbiology of the terrestrial subsurface is in its infancy and relatively little is known about subsurface microbial function. Interro gation of microbial populations that limit the fate and transport of U(VI) remains confined primarily to genetic targets for cultivated or described microorganisms. Microbial eukary otes, the fungi, have been linked to U(VI) immobilization in the laboratory, but these or ganisms remain virtually unstudied in subsur face environments. To direct the function of subsurface microbial communities to achieve the aims of bioremediation and natural attenu ation, genomeenabled studies are needed to directly link the phylogenetic structure with the metabolic activity of U(VI)transforming microbial groups in situ. Expanded sequencing efforts will no doubt provide a clearer view of subsurface microbial community structure, but pureculture studies are required for develop ment of techniques to evaluate in situ function through quantification of gene expression pat terns. The impact of complex physiochemical parameters, especially stressors such as acidity or metal toxicity, on the ecology of U(VI)trans forming populations in the subsurface must be further constrained. The systems approach that has been applied to the wellstudied Geobacter group should be extended to other U(VI) transforming organisms and processes such as biomineralization.
